Highly quantitative and high-throughput serological tests for evaluation of humoral responses to herpes simplex virus 1 (HSV-1) and HSV-2 are not available. The efficacy of luciferase immunoprecipitation system (LIPS) assays for antibody profiling and serologic diagnosis of HSV-1 and HSV-2 infection was investigated using a panel of five recombinant HSV antigens. Plasma samples from subjects seropositive for HSV-1 and/or HSV-2 or seronegative for HSV-1 and HSV-2 that had previously been analyzed by Western blotting and the Focus Plexus immunoassay were evaluated. The LIPS test measuring anti-gG1 antibody titers was 96% sensitive and 96% specific for detecting HSV-1 infection, compared with the Focus immunoassay, and was 92% sensitive and 96% specific, compared with Western blotting. The results for the anti-gG2 LIPS test for HSV-2 precisely matched those for Western blotting, with 100% sensitivity and 100% specificity, and showed robust antibody titers in all the HSV-2-infected samples that were over 1,000 times higher than those in HSV-2-negative or HSV-1-positive samples. Antibodies to three additional HSV-2 proteins, gB, gD, and ICP8, were detected in many of the HSV-1-and/or HSV-2-infected plasma samples and showed preferentially higher immunoreactivity in HSV-2-infected plasma. The titers of antibodies to these three HSV-2 antigens also significantly correlated with each other (R ‫؍‬ 0.75 to 0.81; P < 0.0001). These studies indicate that the robust anti-gG1 and anti-gG2 antibody responses detected by LIPS assays are useful for HSV-1 and HSV-2 detection and suggest that profiling of antibody responses to a panel of HSV proteins may be useful for characterizing individual humoral responses to infection and for monitoring responses to vaccines.
Herpes simplex virus (HSV) causes cold sores, genital herpes, ocular infections, and encephalitis. HSV-1 is usually transmitted by contact with oral secretions and causes most HSV orofacial infections, while HSV-2 is usually spread by sexual contact and causes most cases of genital herpes. Seroprevalence studies indicate that about 60% of adults in the United States are infected with HSV-1, with most primary infections occurring during childhood (38) . In contrast, seroprevalence rates of HSV-2 vary dramatically by geographic region, with infection rates ranging from 10 to 35% of the population (19, 27) , and infection usually occurs later in life, through sexual contact (19) . Up to 25% of individuals infected with HSV-2 are asymptomatic and thus pose a significant risk for transmitting virus to their sexual partners (23) . In addition, acquisition of HSV-1 or HSV-2 toward the end of pregnancy carries a 30 to 50% risk of neonatal herpes (5) , with the potential for prenatal morbidity (6) . HSV-1 and HSV-2 also establish lifelong, latent infections in the nervous system, usually in trigeminal or dorsal root ganglia (35) .
Of the approximately 80 gene products in the HSV-1 and HSV-2 genome (20) , four glycoproteins, gB, gD, gH, and gL, are required for entry and infection of cells (29) . gD is currently the major viral component in candidate subunit vaccines being tested for HSV-2 (32, 33) . gB has also been used in candidate subunit vaccines (14, 34) . Two other major vaccines under development include a replication-defective HSV-2 virus deleted for ICP8 and UL5 (16, 17, 22) and a growthdefective virus deleted for the protein kinase domain within the large subunit of ribonucleotide reductase (3, 13, 21) . Serologic assays for gD and gB would be useful for studying the immune response to candidate subunit vaccines. A sensitive serologic assay for ICP8 would also be useful for identifying individuals who are infected with wild-type HSV after vaccination with a vaccine deleted for ICP8, since the vaccine would likely induce antibodies to all of the other viral proteins.
HSV-2-specific serologies have recently been developed. These serologies might be useful for diagnosing HSV-2 infections in asymptomatic individuals in high-prevalence areas who may shed the virus and transmit HSV-2 to their partners (30) . Recent studies show that antiviral therapy can reduce the rates of shedding (37) and transmission of HSV-2 from symptomatic individuals to their uninfected partners (15) . HSV-2 type-specific serologies might also be useful for confirming a diagnosis of genital herpes in a patient with negative HSV cultures and for determining susceptibility to HSV-2 infection, particularly in pregnant women when their male partners have histories of genital herpes, to reduce the risk of neonatal infection (5) .
Commonly used serological tests, including immunofluorescence assays, Western blot assays, and enzyme-linked immu-nosorbent assays (ELISAs), can detect anti-HSV-1 and anti-HSV-2 antibodies for diagnosis (36) ; however, these assays generally do not provide highly quantitative results, and many are unable to discriminate between HSV-1 and HSV-2. gGs of HSV-1 and HSV-2 have limited sequence homologies and elicit type-specific virus responses. Serological tests based on recognition of antibodies to gG1 or gG2 are now commonly used for diagnosis (2) . The Western blot assay for gG is considered the "gold standard" in HSV detection and can discriminate between HSV-1 and HSV-2 infections, but this method is time-consuming and less quantitative than other immunoassays. Other, less cumbersome gG-based tests which can discriminate between HSV-1 and HSV-2 infections are available, including ELISAs, immunoblot assays, and an immunoassay which uses beads coated with HSV-1 or HSV-2 gG antigen (Focus Technologies, Trinity Biotech USA, Biokit USA, and Fisher Scientific) (1, 24) . However, these assays are less sensitive than the gG Western blot assay.
Recently, we showed that luciferase immunoprecipitation system (LIPS) assays can quantitatively measure antibody responses to cancer-associated autoantigens (8) , autoantigens associated with autoimmune diseases (9, 10) , and a variety of infectious agents, including hepatitis C virus, human immunodeficiency virus (HIV) (7), human T-cell leukemia virus type 1 (11) , and filaria (12, 28) . These assays measure antibody levels in immunoprecipitations by using fusion proteins consisting of Renilla luciferase (Ruc)-antigen produced in Cos1 cells. LIPS assays are highly sensitive and robust and are high-throughput tests that can be automated. In the present study, we tested the ability of LIPS technology to quantify and distinguish HSV-1 and HSV-2 antibodies in plasma. We show that LIPS assays for anti-gG1 and anti-gG2 antibodies are sensitive and specific tests that can discriminate between HSV-1 and HSV-2. LIPS assays for three additional HSV-2 antigens, gB, gD, and ICP8, which share sequences similar to those of HSV-1, were positive for most HSV-1-and/or HSV-2-positive plasma samples but showed higher immunoreactivity for HSV-2-infected plasma. These results indicate that profiling antibodies to HSV-1 and HSV-2 antigens by the LIPS assay is an effective test for distinguishing HSV type-specific antibodies over a dynamic range and that quantification of antibodies to other viral proteins may be useful for measuring immune responses during natural infection and after vaccination.
MATERIALS AND METHODS
Patient plasma. Plasma samples were obtained from 53 subjects seropositive for HSV-1 and/or HSV-2 or seronegative for HSV-1 and HSV-2. Blood samples were obtained under National Institute of Allergy and Infectious Diseases Institutional Review Board-approved protocols (Bethesda, MD). Two different commercially available methods, HSV Western blot serology (University of Washington Clinical Virology Laboratory, Seattle, WA) and the Plexus HerpesSelect HSV-1 and HSV-2 immunoglobulin G immunoassay (Focus Diagnostics, Cypress, CA), were used to discriminate between HSV-1 and HSV-2 infections in plasma. The Western blot assay was considered the "gold standard," and sensitivity and specificity were determined on the basis of Western blot results (unless otherwise noted). Plasma samples were kept at Ϫ80°C, aliquoted, and stored at 4°C. The samples were coded, and the laboratories performing the Plexus immunoassay and the LIPS assay were blinded as to the results of the HSV Western blot assays.
Generation of Ruc-antigen fusion proteins. A mammalian Renilla luciferase (Ruc) expression vector, pREN2, was used to generate all plasmids. HSV protein fragments were amplified by PCR with gene-specific linker-primer adapters. The gG1 protein fragment, amplified from HSV-1 genomic DNA, carried amino acid (aa) residues 26 to 193. Four different protein fragments were amplified from HSV-2 genomic DNA: gG2 (aa 305 to 591), gB (aa 63 to 369), gD (aa 26 to 393), and ICP8 (aa 2 to 286). In each case, the cDNA fragments were subcloned downstream of the Ruc gene and a stop codon was inserted directly after the HSV protein-coding sequence. The HSV sequence in each plasmid construct was confirmed by DNA sequencing. Details of the nucleotide and amino acid sequences can be found in the GenBank database under accession numbers FJ457776, FJ457777, FJ457778, FJ457779, and FJ457780 for gG1, gG2, gB, gD, and ICP8, respectively. Cos-1 cells were transfected with individual Ruc expression vectors. Forty-eight hours later, the Cos1 cells were washed once with phosphate-buffered saline (PBS) and then scraped and sonicated on ice in lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 1% Triton X-100, and 50% glycerol) with protease inhibitors (Complete protease inhibitor cocktail minitablets; Roche Diagnostics, Indianapolis, IN). The lysates were twice centrifuged for 4 min at 13,000 ϫ g, and supernatants were collected and stored at Ϫ20°C until use. The activities (in light units [LU]/ml) of the lysates were next determined using a single-tube luminometer (20/20 from Turner Scientific) with a coelenterazine substrate mixture (Promega, Madison, WI).
LIPS analysis. LIPS assays were performed at room temperature, using a 96-well-plate format. Master plates were constructed by diluting patient plasma samples 1:10 in assay buffer A (20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 1% Triton X-100) in 96-well polypropylene microtiter plates. To quantify antibody titers by the LIPS assay, 40 l of buffer A, 10 l of diluted human plasma (1 l equivalent), and 50 l of 1 ϫ 10 7 LU of Ruc-antigen Cos1 cell extract, diluted in buffer A, were added to each well of polypropylene plates and incubated for 1 h at room temperature. Next, 7 l of a 30% suspension of Ultralink protein A/G beads (Pierce Biotechnology, Rockford, IL) in PBS was added to the bottom of each well of 96-well high-throughput-screening filter plates (Millipore, Bedford, MA). One hundred microliters of the antigen-antibody reaction mixture was then transferred to filter plates and incubated for 1 h at room temperature on a rotary shaker. Proteins bound to the protein A/G beads were washed 10 times with buffer A and twice with PBS, using a BioMek FX workstation (Beckman Coulter, Fullerton, CA) with an integrated vacuum manifold. After the final wash, LU values were measured with a Berthold LB 960 Centro microplate luminometer (Berthold Technologies, Bad Wilbad, Germany), using a coelenterazine substrate mixture (Promega, Madison, WI). All the LU data shown represent the averages for two independent experiments and were corrected for background LU values of Ruc Cos-1 cell extract added to protein A/G beads but not incubated with plasma.
Statistical analysis. GraphPad Prism software (San Diego, CA) was used for statistical analyses, including evaluation of test performance by measurement of area under the curve. Results for quantitative antibody titers in uninfected controls and HSV-1-positive, HSV-2-positive, and HSV-1-and HSV-2-positive samples were reported as geometric means Ϯ 95% confidence intervals (CI). Mann-Whitney U tests were used for comparison of antibody titers in different groups, and the level of significance was set at P values of Ͻ0.05. Correlations between different antibody titers were assessed by the Spearman rank test. For calculation of sensitivity and specificity, a simple, statistically based cutoff limit for each antigen was derived from the mean value for the 14 uninfected samples plus 5 standard deviations (SD).
RESULTS
The LIPS assay is sensitive and specific for detection of anti-gG1 antibodies for serologic detection of HSV-1. HSV gG1 glycoprotein is the standard serological marker for detecting HSV-1-specific antibodies (36) . Two independent LIPS assays were used to screen 53 plasma samples in a blinded fashion, using the Ruc-gG1 fusion protein produced in Cos1 cells. On the basis of the average values for these two independent tests, the anti-gG1 antibody titers of the plasma samples ranged from 41 to 1,366,737 LU (Fig. 1) . The geometric mean titer (GMT) of the anti-gG1 antibody in the 14 lowestlevel responses (later identified as the 14 uninfected controls) was 165 LU (95% CI, 98 to 276) and was 600-fold lower than the GMT of 99,262 LU (95% CI, 36,670 to 268,697) for the confirmed 13 HSV-1-infected samples (Mann-Whitney U test; P Ͻ 0.0001). Anti-gG1 antibodies were absent from all but one of the HSV-2-infected plasma samples (GMT of 363 LU; 95% CI, 184 to 715) and showed low-level responses similar to those in the uninfected controls (Fig. 1) . In contrast to HSV-2-positive plasma samples, HSV-1/2-positive plasma samples showed an anti-gG1 antibody GMT of 32,646 LU (95% CI, 7,540 to 141,342), which was similar to that for the HSV-1-positive infected plasma samples. The difference in mean antigG1 antibody titer between the singly HSV-1-positive and HSV-1/2-positive plasma samples was not statistically significant (Mann-Whitney U test; P ϭ 0.15) (Fig. 1) .
In order to compare the sensitivity and specificity of the LIPS assay with those of the Western blot assay and the ELISA, we derived a diagnostic cutoff value (from the mean for the 14 uninfected controls plus 5 SD) equal to 1,390 LU. Assuming that Western blotting had 100% sensitivity and 100% specificity, LIPS showed 100% (13/13) sensitivity in detecting anti-gG1 antibody in HSV-1-positive plasma samples and 83% (10/12) sensitivity in detecting anti-gG1 antibody in plasma samples known to be HSV-1/2 positive ( Fig. 1 and Table 1 ). Furthermore, the LIPS anti-gG1 test showed 100% (14/14) specificity in the uninfected controls but showed one low false positive (93% specificity; 13/14) in the HSV-2-positive group. Using a lower cutoff equal to the control mean plus 3 SD would have identified 100% of the HSV-1/HSV-2 positives and still maintained the same 93% specificity. The Plexus immunoassay for anti-gG1 antibodies missed three HSV-1/2-positive samples detected by Western blotting. Two of the three samples missed by the Plexus immunoassay were also negative by the LIPS assay. Compared to the Plexus immunoassay, the LIPS assay showed 100% (13/13) sensitivity in detecting anti-gG1 antibody in HSV-1-positive plasma samples and 92% (11/12) sensitivity in detecting anti-gG1 antibody in plasma samples known to be HSV-1/2 positive ( Table 1) .
The LIPS assay is highly sensitive and specific in detecting anti-gG2 antibody for serologic diagnosis of HSV-2 infection. Detection of anti-gG2 antibody, the standard test for distinguishing HSV-2-specific antibody (36) , was evaluated with the 53 plasma samples by using LIPS assays. While the GMT of the anti-gG2 antibody for the 14 uninfected control samples was 164 LU (95% CI, 92 to 294), the 12 plasma samples known to be HSV-2 positive had a 1,400-fold-higher GMT, 227,931 LU (95% CI, 163,843 to 317,088) (Fig. 2) . The difference in antigG2 antibody titer between the uninfected control samples and the samples from the HSV-2-positive patients was highly significant (P Ͻ 0.0001). The 13 HSV-1-positive plasmas had low anti-gG2 antibody titers, similar to those in uninfected control samples (Fig. 2) . The GMT of the anti-gG2 antibody in the HSV-1/2-positive plasma samples was 219,463 LU, which was not statistically different from those in the HSV-2-positive plasma samples (P ϭ 0.74). a For LIPS assays, the cutoff limit for calculating sensitivity and specificity for each antigen was derived from the mean for the 14 uninfected samples plus 5 SD.
Comparison of the sensitivity and specificity results for the anti-gG2 LIPS test with those for the Western blot assay, using a diagnostic cutoff of 1,281 LU for the LIPS assay (derived from the mean for the 14 uninfected control samples plus 5 SD), showed that the LIPS assay had 100% (14/14) sensitivity in detecting anti-gG2 antibody for the HSV-2-positive plasma samples and 100% (12/12) sensitivity in detecting HSV-1/2-positive plasma samples ( Fig. 2 and Table 1 ). The anti-gG2 LIPS test showed 100% (14/14) specificity in the uninfected controls and 100% specificity in the HSV-1-positive plasma samples. While the result from the LIPS assay exactly matched the Western blotting results for detecting anti-gG2 positive plasma, comparison of the LIPS assay with the Plexus immunoassay revealed one false positive in the uninfected group by the Plexus immunoassay (Table 1 ). This Western blot-negative sample was negative by the LIPS assay, with an anti-gG2 antibody titer of only 262 LU.
Antibody responses to three other HSV-1 and HSV-2 proteins. Previously, we demonstrated that the LIPS assay can be easily employed to evaluate whole proteomes. For example, we profiled humoral responses to the entire HIV proteome, including minor accessory proteins, such as TAT and p6, in HIV-infected patients (7) . To determine how effective LIPS assays would be in detecting antibody responses to additional HSV-1 and HSV-2 proteins, we evaluated antibodies to HSV-2 gB, gD, and ICP8. The HSV-2 gB, gD, and ICP8 protein fragments used for LIPS assays share 92%, 84%, and 89% amino acid identity with the corresponding protein fragments of HSV-1. LIPS assays detected high titers of antibody to gB, gD, and ICP8 in most of the HSV-1-and/or HSV-2-infected plasma samples (Fig. 3) . The GMTs of the anti-ICP8 antibodies in the HSV-1-, HSV-2-, and HSV-1/2-positive samples were 1,740 LU, 133,017 LU, and 48,228 LU, respectively, all significantly (ranging from 1,000 to 130,000 times) higher than those of the anti-ICP8 antibodies (GMT of 9 LU; 95% CI, 2 to 45) in the uninfected controls. In contrast to the low background level observed with the anti-ICP8 test, there were several high titers for anti-gD, and to a lesser extent anti-gB, antibodies in uninfected controls. Three of these uninfected plasma samples with elevated anti-gB antibody titers were among seven plasma samples that were also positive for anti-gD antibodies; they were negative for anti-gG and anti-ICP-8 antibodies. These antibody responses might reflect true immunoreactivity result- ing from a nonproductive HSV infection or antibody crossreactivity to HSV antigens. Regardless of the results for some of the individual plasma samples, the GMTs of anti-gB and anti-gD antibodies in the uninfected controls were more than 1,000-fold lower than those in the HSV-1-, HSV-2-, or HSV1/ 2-positive plasma samples. Anti-ICP8, anti-gB, and anti-gD antibody titers, which were measured using HSV-2 fusion proteins, were significantly higher in HSV-2-positive plasma samples than in HSV-1-positive plasma samples (P values of Ͻ0.0001, Ͻ0.0001, and Ͻ0.0013, respectively) (Fig. 3) . There was no overlap between the highest anti-ICP8, anti-gB, or anti-gD antibody titers in the negative-control plasma samples and the lowest antibody titers in the HSV-2 or HSV1/2-positive plasma samples. While the titers of anti-gD antibodies were similar for HSV-2-and HSV-1/2-positive plasma samples, the differences in titer between anti-gB and anti-ICP8 antibodies were significantly higher in HSV-2-positive plasma samples than in HSV-1/2-positive plasma samples.
With a diagnostic cutoff derived from the mean for the 14 uninfected control samples plus 5 SD, the gB, gD, and ICP8 tests showed 100% specificity and sensitivities of 89% (35/39), 69% (27/39), and 82% (32/39), respectively. Further analysis of anti-gB, anti-gD, and anti-ICP8 antibody titers measured by LIPS assays revealed significant correlations between the three different antigens. By the Spearman rank test, the correlation between anti-gB and anti-ICP8 antibodies (R ϭ 0.81; P Ͻ 0.0001) was essentially identical to the correlation between anti-gD and anti-ICP8 antibodies (R ϭ 0.81; P Ͻ 0.0001). The correlation between anti-gB and anti-gD antibodies was slightly lower than that for the other two proteins (R ϭ 0.75; P Ͻ 0.0001).
DISCUSSION
This study demonstrates that LIPS assays can robustly measure titers of antibodies to a panel of HSV-1 and HSV-2 antigens with high diagnostic sensitivity and specificity. While Western blotting is the "gold standard" serological test for distinguishing HSV-1-from HSV-2-positive serum or plasma samples, the test is labor-intensive and difficult to use in highthroughput testing. In contrast, the high-throughput microtiter and robotic LIPS format tested here make this approach feasible for rapid screening of large numbers of plasma samples. While the anti-gG2 LIPS assay showed 100% sensitivity and specificity, the anti-gG1 test was slightly less sensitive and specific. It is likely that additional improvements to the gG1 test, including use of a different gG1 recombinant antigen or adjustment of the cutoff values, might further enhance performance.
Despite the high titers of antibody to gG1 detected by the LIPS assay, which were often 600-fold higher than those in uninfected plasma, several HSV-1/2-positive plasma samples failed to show positive anti-gG1 HSV-1 antibody responses above the cutoff value (derived from the mean for the uninfected controls plus 5 SD). Interestingly, two of the three HSV-1/2-positive plasma samples that scored negative by the Plexus immunoassay also yielded negative results by the LIPS assay. One possible explanation for these results is that initial infection with HSV-2 affords some protection against HSV-1 infection (25) and results in lower titers of antibodies against HSV-1-specific proteins, such as gG1. In addition, the crossreactivity of the HSV-1 and HSV-2 antigens might result in lower titers of antibodies to the second HSV infection due to the phenomenon of "original antigenic sin" (18) , in which the immune system responds less effectively to a closely related antigen after the initial recognition of the primary antigen. It is also possible that these two samples represent false positives in Western blot analysis.
A study using several HSV-1/2 ELISAs found that these assays show less than optimum HSV diagnostic performance compared to Western blotting (26) . In this study, LIPS assays generated fewer false negatives and false positives than the Plexus immunoassay. While LIPS assays use recombinant gG produced in mammalian cells, the Plexus immunoassay uses recombinant antigen produced by baculovirus expression in insect cells. It is possible that differences in conformationspecific epitopes or posttranslational modifications, such as glycosylation, in mammalian versus insect cells might account for the disparate results.
The ease and simplicity of the LIPS format allowed the rapid development and evaluation of antibody responses to other HSV proteins. In addition to the glycoproteins gB and gD, two well-studied antibody targets (14, 34), we also found relatively high titers of antibody to ICP8, a single-stranded DNA binding protein. The high titers of antibody to gB (and possibly gD) that we detected using the LIPS assay may be related to a prior observation that detection of anti-gB antibodies by immunoprecipitation is more sensitive than detection by immunoblot analysis (31) . While gG, gD, and gB are structural proteins and are abundant both in virions and on virus-infected cells, ICP8 is a nonstructural protein and is not present in virions (4). Nonetheless, we were able to detect antibodies to this nonstructural protein in all of the HSV-2-positive individuals. While the HSV-1 and HSV-2 ICP8 antigens used in the LIPS assay are highly conserved (89% amino acid identity), there were marked quantitative differences to these antigens in the plasma samples tested. This strain specificity is reminiscent of the reduced LIPS serologic responses to related filarial antigens in subjects infected with related worms (12, 28) .
Highly quantitative measurements of titers of antibodies to specific viral proteins are important for the development of subunit vaccines. The use of replication-defective vaccines, which induce antibody responses to nearly all of the viral proteins, often results in difficulties in determining whether or not patients develop asymptomatic infection after vaccination. Two such replication-defective vaccines under development are HSV-2 dl5-29, which is deleted for only ICP8 and UL5 (16, 17, 22) , and ICP10⌬PK, which is missing 339 aa from the protein kinase domain of the large subunit of ribonucleotide reductase (3, 13, 21) . In the case of HSV-2 dl5-29, our ability to easily measure titers of antibody to ICP8, despite the fact that it is a nonstructural protein, should allow future vaccine studies with animals to determine if asymptomatic infection has occurred after vaccination. We are currently using LIPS assays to follow antibody titers in guinea pig vaccine and challenge studies (Y. Hoshino, L. Pesnicak, K. Dowdell, P. Burbelo, D. M. Knipe, S. E. Straus, and J. I. Cohen, unpublished results). The ability to rapidly quantify serial levels of antibodies to a large panel of viral proteins may further our under-standing of the maturation and differences in immune response in individuals with herpes simplex infections that vary in severity (from asymptomatic to frequently recurrent), duration, or responsiveness to antiviral therapy. Evaluation of the serologic response to the complete proteomes of HSV-1 and HSV-2 may offer even-more-accurate diagnostic assays or help to define additional targets for vaccine development.
In summary, our results suggest that HSV LIPS assays are very effective in high-throughput screening for discrimination of HSV-1 and HSV-2 seropositivity and should be useful for monitoring antibody responses to a variety of HSV antigens in vaccine trials.
